ABSTRACT
A
utosomal dominant polycystic kidney disease is a genetic disorder affecting 1 in 1000 people worldwide and is associated with an increased risk of intracranial aneurysms. 1 The average life expectancy of a patient with ADPCKD ranges from 53 to 70 years, depending on the subtype. 2 It remains unclear whether there is sufficient net benefit in screening this patient population for IA, considering recent developments in imaging and treatment and evolving understanding of the natural history of unruptured aneurysms. There is currently no standardized screening protocol for IA in patients with ADPCKD.
The criteria supporting an ideal screening program can be organized by the following: 1) disease: sufficient prevalence and morbidity in the target population; 2) diagnosis: technique efficacy and safety; and 3) therapy: treatment efficacy, safety, costeffectiveness, and improved outcome with early treatment. 3, 4 The following review of the literature focuses on these criteria and presents our appraisal of the estimated value of screening for IA in the setting of ADPCKD.
DISEASE
Screening effectiveness is dependent on the natural history of the disease (Fig 1) . Specific to IA, the preclinical phase between aneurysm formation and symptom development/rupture can be variable and the clinical phase between symptom development and SAH/death can be short or nonexistent. The lead time (the time between aneurysm formation and the development of signs/ symptoms) determines screening frequency and feasibility.
Prevalence
ADPCKD has been associated with a widely variable reported prevalence of IA: 4%, 5, 6 5%, 7 10%, 8 11.7%, 9 14%, 10 22.5%, 5 and 41.2%. 11 Of the 18%-22% of patients with ADPCKD who also have a family history of IA, reported prevalence rates are more tightly grouped (ie, 22%, 7 25.8%, 9 and 27.3% 5, 10, 12 ). In comparison, the general population carries an estimated prevalence of 0.4%-6%, depending on the study. 8 Most retrospective autopsy series and reviews put the general population prevalence between 2% and 3%. [13] [14] [15] [16] In 1 large meta-analysis, ADPCKD was found to be the single greatest risk factor for IA development-greater than atherosclerosis and family history of IA. 8 In fact, 10% of patients with undiagnosed ADPCKD will have IA rupture as their presenting symptom, 13 and 6% of all patients with ADPCKD will die due to subarachnoid hemorrhage. 17 IA rupture is considered the most severe complication of ADPCKD. 18 The largest prospective screening study to date was recently published by Xu et al, 19 with a sample size of 355 patients with ADPCKD screened by 3T time-of-flight MRA. Of these, 12.4% were found to have an IA, with the percentage increasing to 21.6% in patients with a family history of IA or hemorrhagic stroke versus 11% prevalence in those without these risk factors. The prevalence was found to be as high as 23.3% in the 60-to 69-year-old group. All aneurysms, except for 1 giant aneurysm (25 mm), were Ͻ10 mm, though 11% were Ͼ7 mm (ie, of the original group, 1.36% had an aneurysm of Ͼ7 mm). All aneurysms were located in the anterior circulation (49% in the ICA, 26% in the MCA, 25% in the anterior communicating artery, and 2% in the anterior cerebral artery). Multiple aneurysms were found in 18.2% of patients. No correlation was found with hypertension, renal function, liver cysts, or duration of disease. Data from the International Study of Unruptured Intracranial Aneurysms (ISUIA), 20 Stehbens, 16 and Fox 15 used to represent the general population data can be compared with those in larger series studies on patients with ADPCKD by Xu et al (n ϭ 355), 19 Schievink et al (n ϭ 41), 5 and Chauveau et al (n ϭ 71) ( Table 1) .
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Morbidity
Intracranial aneurysms can cause local mass effect and thromboembolism; however, the most feared event is aneurysm rupture causing catastrophic SAH. Currently, the best prospective data regarding rupture risk come from the ISUIA trial. 20 These data support a 5-year cumulative rupture rate of 0%-50%, depending on the location and size of the aneurysm (Table 2) , with anterior circulation aneurysms of Ͻ7 mm having extremely low rates of rupture. Following the release of these data, the neurosurgical community exposed several weaknesses of the ISUIA study design. Specifically, ISUIA conducted a prospective but nonrandomized recruitment, predisposing it to selection bias in which small aneurysms deemed to be higher risk could have been excluded and prophylactically treated at the discretion of neurosurgeons on the basis of morphology or other risk factors (hypertension, smoking, alcohol abuse, family history). Patients with unruptured aneurysms were invited for inclusion, and their SAH-free survival was backdated to the time of their aneurysm diagnosis, whereas patients experiencing an SAH may not have been able to respond. Most controversial was the discrepancy of the ISUIA findings based on the fact that a large proportion of ruptured IAs present with sizes Ͻ7 mm. One published 10-year series revealed a mean ruptured aneurysm diameter of only 7.5 mm. 21 Finally, the subanalyses and post hoc grouping of the aneurysm sizes and locations rather than prospective validation of an a priori hypothesis were criticized. Several explanations have attempted to reconcile the apparent size discrepancy for IA risk stratification. Wiebers et al 22 therapy, lipid control, and tobacco cessation, which could potentially lower the risk of aneurysm growth and rupture. A larger study by Schrier et al 26 evaluated the efficacy of rescreening 76 patients with ADPCKD 10 years after an initial screening examination with negative findings by using CTA, MRA, or DSA (depending on patient-specific factors). They found that 2 patients developed aneurysms in the interval period, though 1 may have previously existed on retrospective analysis. During 10 years, 1 patient developed a 10-mm vertebral artery aneurysm, a 10-mm extracranial ICA aneurysm, and a 4-mm MCA aneurysm requiring surgical clipping. Following IA rupture, the patient faces a mortality risk ranging from 10% to 67%, depending on the study, with another 10%-38% becoming permanently dependent and disabled. 12, 27 Patients with ADPCKD with IA rupture have a mortality rate similar to that of the general population (46%), 13 though they present with SAH earlier in life, with a mean age of 35-45 years, with 64% of aneurysms rupturing before the patient reaches 50 years of age. 5, 13, 28, 29 In a single study, 10% of aneurysms in patients with ADPCKD ruptured before the patients reached 21 years of age, 13 significantly earlier than the rate of the general population (mean age, 50 -54 years).
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DIAGNOSIS
Imaging Modalities
Nonimaging-based screening/risk-stratification methods have been evaluated with little success. Markers such as renal function do not correlate with the risk of having an IA; up to 50% of patients with ADPCKD with IAs have completely normal renal function. 31 No correlation has been found with liver cysts or mitral valve abnormalities, and 29% of these patients were normotensive. 13 A correlation has been found with the duration of hypertension, but not with hypertension itself or duration since the diagnosis of ADPCKD. 21 Evidence is emerging that the associated vascular defects in ADPCKD may be due to mutations in the PKD1 and PKD2 genes (located on the short arm of chromosome 16). 32, 33 Abnormalities of these genes in mouse models correspond with increased rates of arterial dissection, arterial rupture, and intracranial vascular abnormalities. 34 There is some evidence that the location of the genetic mutation may help prognosticate risk for IA in patients with ADPCKD (mutations in the 5Ј region of PKD1 pose a higher risk than those at the 3Ј end), though further investigation would be needed before this information could be used in a clinical setting. 35 Traditionally, the criterion standard for IA evaluation has been conventional angiography or DSA, which yields a high spatial resolution of 0.1-mm 2 pixels, optimum contrast due to direct intra-arterial bolus delivery with background subtraction, and high temporal resolution (2-6 frames/s) that can depict flow patterns within an aneurysm. Modern flat-panel 3D DSA acquisitions can generate an isotropic volume dataset of 0.2 mm 3 , which can be visualized as a reconstructed 3D model or 2D multiplanar sections. The quality of DSA is operator-dependent, varying with the degree of vessel superselection, injection rates and volumes, and number of projections, including any supplementary 3D DSA with postprocessed reconstructions. Regions of competitive flow such as at the vertebral-basilar junction and anterior communicating artery may be difficult to opacify due to a lack of contrast in the blood pool. Differences in geographic distortion and 2D planar imaging views can make subtle changes in aneurysm size difficult to assess on serial studies, unless 3D imaging is performed. Recent advances in CT and MR imaging technology have made these modalities increasingly attractive options for IA screening. Multidetector CTA and 3T time-of-flight MRA can generate spatial resolutions of about 0.5-mm 2 per pixel, whereas previous generation scanners provided a resolution of 1 mm 2 per pixel. CTA relies on attenuation differences between iodinated contrast and surrounding tissues that can be suboptimal at the skull base in the presence of heavy mural calcification or metallic hardware. In fact, embolization coils and microsurgical clips used to treat IAs will cause metallic streak and beam-hardening artifacts on CTA, often yielding nondiagnostic scans. Furthermore, venous contamination seen with inadequately bolus-timed CTA can also limit assessment of the intracranial circulation. Time-of-flight MRA relies predominantly on flow-related signal and, combined with suppression techniques, gives excellent contrast resolution with negligible interfering venous signal. Decreased temporal resolution with MRA predisposes it to motion artifacts, resulting in acquisition times that may require Ͼ5 minutes. In addition, turbulent flow can result in rapid dephasing and intraluminal signal loss, though these issues are less problematic on 3T MR imaging platforms. Contrast-enhanced TOF MRA is marred by venous signal, and the limited time window for dynamic contrast-enhanced arterial phase MRA results in relatively decreased spatial resolution. MR imaging-based techniques are sensitive to metallic susceptibility artifacts from either dental hardware or implanted devices and, at times, degrade images to nondiagnostic quality, as encountered with microsurgical aneurysm clips. Intraluminal stents are difficult to assess with noninvasive methods due to their intraluminal placement and cause moderate susceptibility artifacts on MRA. Although they may be better assessed with a postgadolinium protocol, confirmation with CTA or invasive DSA may be required for definitive diagnosis. Conversely, endovascular coils cause minimal MR imaging artifacts when ultrashort TEs are used with TOF MRA, permitting the assessment of residual filling in coiled aneurysms as an excellent screening technique for aneurysm recurrence.
Efficacy and Safety
Several studies have compared MRA and CTA with DSA with respect to diagnostic accuracy for IAs. According to a recent study, 3T TOF MRA demonstrated a screening sensitivity of 67% for aneurysms of Ͻ3 mm, 79% for those of 3-5 mm, and 95% for those of Ͼ5 mm. 36 Because many patients have multiple aneurysms (ϳ30%), 37 a per-patient screening sensitivity is a more accurate metric for assessing the effectiveness of a technique. In this study, the per-patient screening sensitivity and specificity were 96% and 92%, respectively. Multidetector CTA had a slightly lower per-patient screening sensitivity of 95% and a slightly higher screening specificity of 96%. Another recent study focused on CTA revealed a similar screening sensitivity of 95% for aneurysms of Ͼ7 mm. 38 One study focused on small aneurysms (Ͻ5 mm) and found CTA sensitivity to be higher than that of DSA with equivalent specificity. 39 Due to the relatively invasive nature of DSA and the small but definite risk of stroke as well as the cost, dedicated staff and time commitment, and patient discomfort involved in the procedure, DSA has become less attractive as a screening technique for IA. One study estimates the complication risk at 1.3%, with a 0.5% risk of permanent neurologic complications. 40 Noncontrast TOF MRA has become the primary noninvasive screening technique, with the advantage of avoiding the use of potentially nephrotoxic or allergenic contrast media and avoiding the placement of an IV line. Adding a gadolinium-enhanced MRA to the protocol may add the risk of the rare but serious nephrogenic systemic sclerosis. Nephrogenic systemic sclerosis is noted to occur in 1%-7% of patients with a GFR Ͻ30 mL/min due to the use of certain gadolinium-based compounds, though it is exceedingly rare in patients with normal GFR. 41 General MR imaging contraindications include pacemakers, other implanted hardware, and occasionally claustrophobia. All intracranial clips will cause prominent susceptibility artifacts, and some older clips are MR imaging incompatible due to the risk of clip movement. All endovascular coils, stents, and liquid embolic materials are MR imaging compatible. Because 50% of patients with ADPCKD with aneurysms have normal renal function and many others have only slightly altered creatinine clearance, CTA using iodinated contrast media remains a viable option for many potential screening subjects. Risks of CTA include allergic reactions (0.18%-0.6%), 41 contrast-induced nephrotoxicity or acute tubular necrosis, radiation, and intravenous extravasations. Contrast nephropathy is dependent on numerous factors including acute renal failure, dehydration, and elevated serum creatinine concentration or reduced GFR (Ͻ60 mL/min), though a serum creatinine level of Ͻ2 mg/dL is considered to be a sufficiently low risk for most patients with chronic renal failure. 41 The radiation dose following a CTA of the head ranges from 1.6 -1.9 mSv, 42 which is roughly equivalent to the dose of an x-ray of the spine, 16 chest x-rays, or 7 months of background radiation. 43 Comparatively, the radiation dose for a noncontrast head CT is 1.7-2.7 mSv.
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Cost
The cost of diagnostic imaging procedures varies among institutions. The 2012 Medicare technical reimbursement rate and the 2010 National 50th Percentile charge provide reliable figures for comparison (KnowledgeSource version 4.9.1; MedAssets, Alpharetta, Georgia). For CTA, the figures for Medicare and the National 50th Percentile are $740 and $2000 respectively. For MRA without contrast, the figures are $718 and $2050, whereas adding gadolinium to the study increases the reimbursement by $300. Thus, there is no significant difference in the up-front cost of CTA versus MRA. In our experience, a small number of patients will require a CTA to clarify a finding on an initial MRA, whereas the opposite almost never occurs. With more widespread use of 3T MRA, this should become less common. Less measurable cost worth considering is incurred by the use of sedation with postprocedure observation, which would be more common with MRA due to the longer procedure time, and issues with claustrophobia. CTA carries the risk of contrast reaction or soft-tissue extravasation, which could require a period of observation or admission in the rare severe cases.
THERAPY
Following diagnostic screening and discovery of an IA, treatment versus conservative management must be contemplated. If treatment is deemed prudent, further study of the patient and aneurysm anatomy is required to determine whether microsurgical clipping or endovascular coil embolization is the preferred treatment. A multidisciplinary team experienced in both endovascular and microsurgical techniques along with neuro-critical care expertise, usually at a tertiary care center, is the ideal environment. Treatment decisions will depend on aneurysm size, location, anatomy/morphology (narrow/wide neck, saccular versus fusiform, incorporation of parent or branching vessels), patient age, comorbidities, and institutional/individual surgeon outcomes.
Efficacy and Safety
Microsurgical clipping and endovascular coil embolization have their inherent advantages and disadvantages, and a full comparison is beyond the scope of this review. While microsurgical clipping was previously the standard of care, coil embolization has matured rapidly in recent years and is a more frequent treatment alternative with technological advancements and the advent of adjunctive balloon and stent-assisted techniques. 44 Numerous studies have shown a lower periprocedural morbidity and mortality associated with endovascular treatment and lower rates of discharge to long-term care facilities. 44, 45 Some authors have suggested that Ͼ90% of aneurysms can now be effectively treated by using endovascular techniques. 46 However, the durability of coil embolization remains frequently debated due to the increased risk of residual aneurysm components or neck remnants, interval rupture or rebleeding (Ͻ1%), and the additional risk of retreatment. Despite these concerns, the largest and most recent retrospective analysis, by using the National Inpatient Sample data base, noted in-hospital mortality of 1.2% for clipping and 0.6% for coiling of unruptured aneurysms. In this study, the combined morbidity and mortality from coiling decreased from 6.2% to 4.3% versus clipping, which decreased from 16.9% to 13.2% during 2001-2008. 44 These outcomes are per procedure, and the risk per patient would increase in cases of retreatment, the latter being negligible after clipping. Renowden et al 47 reported that 6% of 1631 patients required retreatment after coiling of 1834 mostly ruptured aneurysms. They found a lower morbidity in retreatment coiling procedures compared with the initial procedure: 3 cases of thromboembolism from 99 recoiling procedures. Overall, combined morbidity and mortality decreased from 14.8% to 7.6%. The important point is that due to modern techniques and increasing use of endovascular methods, treatment morbidity and mortality have significantly improved in comparison with the older risk-benefit analyses. Nonsurgical interventions are a reasonable alternative to consider in treatment planning. Long-term hypertension has been correlated with an increased risk of IA rupture. 48 Patients on anticoagulants have a doubled mortality rate after IA rupture. 49 Other modifiable factors such as smoking, heavy alcohol consumption, oral contraceptive pills, atherosclerosis, ischemic heart disease in women, and hyperlipidemia have all been associated with an increased risk of aneurysmal SAH in the general population. 50 These risk factors have not, however, been specifically evaluated in the ADPCKD population. While there is no direct evidence that modification of these risk factors would then decrease the risk of rupture, it would seem judicious to address these factors with all patients after the diagnosis of an IA in the hopes of mitigating their risk.
Risk-Benefit Analysis
Multiple authors have addressed the risks and benefits of screening for IAs and their treatment. Crawley et al 51 performed a riskbenefit analysis in 1999 focused on screening patients without polycystic kidney disease with a strong family history of IA and concluded that screening causes net harm. This was the only major analysis with a negative result; explanations include relying on pre-ISUIA data, relatively low MRA sensitivity/specificity (90%), relatively high treatment morbidity and mortality rates (8%), a relatively low incidence (9.8%), and a relatively low 0.8% annual risk of rupture.
One of the most complex risk-benefit analyses to date was performed by Takao and Nojo. 52 Data were obtained from the prospective arm of the ISUIA and from large meta-analyses. Fifty years of age was chosen for their model because it approximated the mean age in the ISUIA trial. The choice of a 50-year-old cohort in this study was significant because as discussed earlier, 64% of patients with ADPCKD present with IA rupture before this age. Endovascular treatment was found to be effective from a riskbenefit standpoint in anterior circulation aneurysms of Ͼ7 mm, cavernous carotid aneurysms of Ͼ13 mm, and posterior circulation aneurysms Ͻ24 mm. Surgical repair was effective in anterior circulation aneurysms of Ͼ13 mm and in posterior circulation aneurysms of 7-12 mm. Butler et al 53 conducted another comprehensive risk-benefit screening analysis. They determined that a single initial screening MRA in all 20-year-old patients with ADPCKD would increase the mean life expectancy without neurologic disability by 1 year. Hence, a 35-year-old patient would expect a mean 0.5-year increase in life expectancy; but declines in screening value were noted with increasing age. Of screened patients, those who have an aneurysm discovered and then treated will have an additional 10.8 years of life (on average) without neurologic deficit. Mitchell et al 54 reported similar findings in their risk-benefit analysis. Patients with a Ͼ20-year life expectancy were found to benefit from treatment for all posterior circulation aneurysms and all anterior circulation aneurysms of Ͼ7 mm. Studies specifically evaluating the treatment of IAs in patients with ADPCKD are limited. As described earlier, these patients may have an increased risk of spontaneous dissection due to arterial wall abnormalities secondary to defects in the PKD1 and PKD2 genes. One study by Chapman et al 6 showed a higher risk of transient complications after angiography in patients with ADPCKD (25%) versus controls (10%), though the complication rates of both groups appeared markedly elevated. Two of 32 patients with ADPCKD experienced transient carotid artery vasospasm, and 1 had asymptomatic vertebral artery dissection without neurologic sequelae.
Cost-Effectiveness
While average initial hospital costs for endovascular coil embolization and surgical clipping are greater than Medicare reimbursement rates, 55 53 suggested screening every 2-3 years in patients with ADPCKD with a family history of IA and every 5-20 years in those without. Torres et al 64 advised rescreening every 5-10 years in patients with initial negative screening examination findings. In patients with ADPCKD with known aneurysms considered suitable for surveillance, they suggested biannual or annual imaging to confirm stability and then transitioning to less frequent intervals. Xu et al 19 strongly recommended screening patients with ADPCKD with a family history of IA or SAH, though they did not provide detailed guidelines or specifically comment on patients without this history.
If one incorporates the most recent data regarding the incidence, screening, treatment risk, and cost-benefit analyses, screening patients with ADPCKD via CTA or MRA will improve life expectancy in a cost-effective and, at times, cost-saving manner. We recommend screening all patients with ADPCKD by noncontrast 3T TOF MRA at the time of initial diagnosis with follow-up scans at intervals of, at most, 10 years and as short as 2 years, depending on patient-specific risk factors, including the following: family history of IA or SAH, prior SAH, neurologic symptoms, hypertension, smoking, alcohol abuse, high-risk professions (such as pilots), or those undergoing major elective surgery. We would consider coil embolization of most posterior circulation aneurysms and anterior circulation aneurysms of Ͼ7 mm, though treatment of smaller IAs may be contemplated on the basis of additional patient and aneurysm risk factors (including irregular morphology). Patients with aneurysms unsuitable for coil embolization with adjunctive balloon or stent-assisted techniques may be offered surgical clipping on multidisciplinary consensus. Newly diagnosed IAs would undergo biannual TOF MRA imaging for the first 2 years and every 2-5 years thereafter if stable. Appropriate medical management to reduce modifiable risk factors for aneurysm growth/rupture (smoking/alcohol cessation, antihypertensive therapy, and, when possible, avoidance of blood thinners) is also recommended.
